Introduction
The majority of processes taking place in high energy proton-proton interactions are QCDmediated parton-parton scatterings. These processes create a huge background for all processes and searches studies at the LHC and must be modelled precisely to separate such events from possible new physics events. QCD processes can be described to great precision with DGLAP part evolution equations and collinear factorization [1, 2, 3, 4] . Due to approximations made it is expected that the predictions of this method will break down at very low x values, but no precise conditions for this breakdown can be given. Events with low x are characterized by very forward (high η), low-p T jets.
The performance of Monte Carlo models in the very forward regime is a very important benchmark for studies in the field of astroparticle physics due to the very forward boost of the outgoing energy. This environment is very similar to collisions of ultra-high energy cosmic particles with stationary atmospheric particles (atomic nuclei) which result in extensive air showers [5] . These showers contain muons through the decay of mesons coming from the initial collision, but the production mechanism of these muons is a major mystery in the field [6] .
Experimental setup
The central feature of the Compact Muon Solenoid (CMS) apparatus is a superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. Within the field volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass/scintillator hadron calorimeter (HCAL). Muons are measured in gas-ionization detectors embedded in the steel return yoke. Extensive forward calorimetry complements the coverage provided by the barrel and endcap detectors. The central detectors of CMS are complemented by calorimeters in the forward direction, which are all relying on the production of Cherenkov photons by charged particles in quartz. The "hadron forward" (HF) calorimeters cover the pseudorapidity interval 3 < |η| < 5.2 and are using quartz fibers embedded in a steel absorber. A more extensive description can be found in [7] . In the very-forward direction there is the CASTOR calorimeter located at a distance of 14.2 m from the interaction point at a radial distance from the LHC beam of about 4 to 15 cm. This corresponds to a pseudorapidty coverage of 6.6 < η < 5.2. CASTOR is a sampling calorimeter using layers of fused silica quartz plates and tungsten absorbers. CASTOR is segmented in 14 longitudinal and 16 azimuthal channels. The first two front channels correspond to a combined depth of 20 X 0 and are used as the electromagnetic section, while the full depth of the calorimeter amounts to 10 λ I . The data of CASTOR are reconstructed in 16 towers, each summing up the 14 longitudinal channels at the same azimuthal location. Towers are zero suppressed with 650 MeV √ N channel by considering the noise level in each of the N channel channels used to construct the tower. As a last step, towers are clustered into jets with the anti-k T algorithm [8] using a radius parameter R = 0.5. Because of the very forward position of CASTOR, it does not have an η-segmentation: all jets are assigned a default η = −5.9 value, which corresponds to the value center of the calorimeter.
CASTOR can distinguish between deposits of electromagnetic energy and deposits of hadronic energy by measuring it in different modules.
The response of the detector is simulated using the GEANT4 framework [9] and is used to correct from measured spectra to particle level spectra. The Monte Carlo models used during the analyses are PYTHIA8 (version 8.212) [10] with tune CUETP8M1 [11] and MBR [12] model as well as EPOS-LHC [13] .
Data analysis
For the measurement of the spectra 0.212/nb of collected data were used. These were collected at the beginning of the second LHC run when the CMS magnet was turned off.
Energy measurement
Data was selected by monitoring activity in the HF calorimeters. The influence of electronic noise in CASTOR is minimized by requiring at least one tower in either of the HF calorimeters (on negative or positive side of the interaction point) above 5 GeV: this reduces sensitivity to noise to less than 1%. The total energy measured by CASTOR is taken as the sum of all calorimeter towers above the noise threshold (Sec. 2). The sum of energy of towers in the two frontmost modules is the electromagnetic fraction of energy deposited in CASTOR, towers in the twelve backmost sum up to form the hadronic fraction of the energy.
The energy spectra are corrected to stable particle level, where stable means a lifetime cτ > 1 cm. Stable particles are assigned to system X or system Y , with these systems lying on opposite sides of the largest rapidity gap in the event. A variable ξ SD is then defined as:
Events with ξ SD > 10 −6 are selected. Data energy spectra are corrected to stable particle level with calibration to counter the noncompensation of CASTOR and are unfolded with the d'Agostini iterative procedure with early stopping [14] .
Jet energy spectrum
To correct for the non-compensating nature of the CASTOR calorimeter, jet energies were calibrated. The calibration factors were determined from Monte Carlo simulations that incorporate the calorimeter response: essentially the jet energies are scaled up with approximately 40%.
In a following step the measured and calibrated jet energy spectrum was unfolded. To this end, a response matrix was constructed in Monte Carlo with reconstructed CASTOR jets and generator level jets (anti-k T with radius parameter R = 0.5). Jets are matched by looking at the most energetic detector level jet and matching this to the most energetic generator level jet with a maximum difference in azimuthal angle ∆φ max , and iterating these steps until no more matches can be made. Each jet cannot be matched more than once. Non-matched generator level and detector level jets ("misses" and "fakes") impose a model dependence on the result of the unfolding procedure: their influence can be reduced by setting ∆φ max = 0.5 and considering only generator level jets in −6.6 <
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Very forward measurements with CASTOR Alex Van Spilbeeck η < −5.2 in the matching procedure. At p T > 3 GeV the fractions of misses and fakes are both below 10%, and for p T > 5 GeV these values are less than 1%. The measured spectrum was unfolded with the d'Agostini iterative procedure with early stopping [14] . It was found that 80 iterations the unfolding bias is small enough, and Poisson-induced statistical fluctuations do not yet contribute to the result.
Uncertainties
Several sources of systematic uncertainties were found and taken into account.
• CASTOR energy scale. CASTOR is cross-calibrated via a measurement of energy in 3 < |η| < 5 which is extrapolated with a large set of Monte Carlo models to 5.2 < |η| < 6.6. This is the largest uncertainty in both measurements.
• Luminosity.
• Model dependence. The model dependence is evaluated by unfolding the data with three different models (PYTHIA8 (CUETPM1), PYTHIA8 (MBR) and EPOS). The depence ranges between 20% and 50%.
• Position uncertainty. The true position of CASTOR is known with a precision of 1 mm, and it can vary up to 1 cm over the period during whihc data is taken. Changes in position change the true η acceptance of the calorimeter, and have an influence of 10% to 30%.
Results

Energy measurement
Figures 1, 2 and 3 show the respectively the total, electromagnetic and hadronic energy spectra after calibration and unfolding. The spectra are compared to cosmic ray Monte Carlo models (left panel) and PYTHIA and HERWIG (right panel).
Jet energy spectrum
Figures 4 and 5 show the final unfolded spectrum of the data compared to several Monte Carlo model predictions. It is clear that the uncertainty on the CASTOR energy scale has a large influence on the final uncertainty of the differential cross section but is significantly smaller when considering the yield per event. At low p T values the influence of MPI on the cross section is clearly visible.
Conclusions
In both measurements the CASTOR energy scale is large and increases at higher energies. None of the models describes the shape of all observations. QGSJETII.4 and SIBYLL 2.3 describe data best overall while PYTHIA8 4C+MBR and HERWIG++ UE-EE-5C perform worst. The electromagnetic energy spectrum is described best by all models. The influence of multi-parton interactions and the underlying event are clear.
The jet energy spectra correspond with the the data due to the large uncertainty. PYTHIA tends to predict a harder spectrum, QGSJETII. 4 and EPOS indicate a slightly sofer spectrum. Overall EPOS yields the best agreement.
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